Here, v g , k 0 = 2π/λ 0 , n, and F ± sp are the group velocity of light, the free-space central wavenumber for an employed wavelength λ 0 = 975 nm, the reference refractive index, and the Langevin noise term, respectively. The complex propagation factor β(z, x, t) accounts for linear and nonlinear (twophoton) absorption [19] , the initially induced refractive index profile, and the refractive index in the semiconductor material. The last two factors depend on the excess carrier density and take into account nonlinear gain compression [19] , material gain dispersion [20] , and the static refractive index change due to Joule heating [3] . The dynamics of the carrier densities is governed by the diffusive rate equation where carrier diffusion and injected current (pump) at the active zone are determined by solving the carrier spreading problem in the lateral (x) and vertical (y) cross-sections of the BASL device simultaneously [21] . Parameters R r and R f (which are 0.95 and 0.04 in the example considered below) are the field intensity reflection and transmission at the rear and front facets z = −l and z = 0 of the diode (l: the length of the BASL), cf. Refs. [19, 16] for more details on the model and typical diode parameters.
Assuming that the index guiding along the vertical axis of the BASL as well as the beam collimation by the FAC are perfect, the optical feedback F in Eq. (1c) is given in terms of a general linear integral operator,
where the kernel function K(x , t , x, t) depends on the configuration of the EC. For its construction, we exploit Huygens-Fresnel integrals within each optical element, see Fig. 1(a) . For a perfect EC with vanishing offsets and no PhC [22] , this procedure implies K(x , t , x, t) = ηδ(x + x )δ(t − t + τ ), where δ is the Dirac delta function, τ is the field roundtrip time in the EC, and η accounts for the field reflectivity at the OCM and the constant phase shifts at the SAC lens.
For extensive numerical calculation of the compound system, it is crucial to derive efficient approximations of the kernel function K in (2) . To model the PhC part of the optical propagation within the EC, we investigate two different models for optical transmission through and backscattering from the PhC. The first, and more complex, of these models relies on the solution of Maxwell's equations. The corresponding linear kernel K PhC which enters the overall kernel K, is, in general, nonlocal in time and space. Our second model is determined by a beam propagation method (BPM), which neglects backscattering as well as angular dependencies of optical pathlengths. The resulting kernel K is local in time, which is beneficial for its implementation into our solver. A comparison of these two models reveals conditions under which the BPM provides a reasonable approximation. A previously reported good agreement of measurements and BPM-based simulations of the single pass transmission of the optical field through the optimized PhC [23] allows us to trust in the BPM. Since suitably manufactured PhCs bear a strong potential for tailoring the far-field characteristics of a transmitted beam [24] , we focus on modelling and efficient implementation of the kernel function K and the resulting delay term (2) into our parallel solver [17] . For an accurate description of light propagation through a periodically modulated medium, one has to solve a boundary value problem for the time-harmonic Maxwell system and an incident plane wave of prescribed polarization, incident angle, and wavelength. While a rigorous mathematical solution of the corresponding Sommerfeld radiation problem has only recently been achieved for the case of a PhC in a semi-infinite half-space [25] , numerical approaches for calculating complex reflection and transmission amplitudes R j , T j for each diffraction order j are well established. Here, we employ the method of rigorous coupled-wave analysis (RCWA). The time-harmonic Maxwell system is rewritten as an ordinary differential equation for the vector of z-dependent lateral Fourier coefficients of the transversal electro-magnetic field components. The underlying domain is split into several slices s.t. the refractive index is z-independent in each slice, and, for each slice, the differential equation can be solved by an eigenvalue decomposition. For PhCs with low contrast and smooth variation ofn in the transversal x-direction, as considered in this work, cf. Fig. 1(b) , the Fourier-mode expansion of the field can be truncated to a small number of modes without loosing much accuracy, cf. [26, 27, 28] .
For the simulation, we choose a PhC with background refractive indexn = 1.5 and lateral period g x = 2.4µm. To confirm the effect of spatial filtering by resonant scattering into higher diffraction orders, we performed calculations for different values of index modulation depth ∆n 0 . In Fig. 2 (a), we show the obtained transmission efficiency |T 0 | 2 , for a PhC with index modulation ∆n 0 = 0.004 and 24 longitudinal periods with g z = 21.4µm. In case of small incidence angles θ, resonant deflection of optical energy from the central lobe to the first diffraction orders occurs at
whith a geometric resonance factor Q = 2g 2 xn /g z λ 0 , cf. [29] . For the chosen PhC parameters, this resonance condition results in filtering angles at 2
• . The AR coatings suppress reflections from the PhC-air interfaces, which reveals only weak resonant backscattering < 0.04% from within the PhC, see thin black curve in Fig. 2(a) . For increased index modulation of ∆n 0 = 0.02, the transmission efficiency |T 0 | 2 is shown in panel (b), with a considerably broader transmission gap around 2
• . The corresponding backscattering efficiency |R 0 | 2 shows a massive increase to about 4%, comparable to the reflectivity of the OCM. For suppressing divergent lateral modes with spatially filtered feedback, such a large amount of backscattering is unacceptable.
Finally, we calculated |T 0 | 2 versus longitudinal period g z in an angular range |θ| < 6
• , the typical beam divergence of semiconductor laser diodes, cf. Fig. 2(c) . Again, we observe sharp transmission gaps at angles depending on g z . In fact, closer inspection of Eq. (3) While the RCWA provides an accurate solution of the time-harmonic Maxwell equations, the computationally fast, but approximate BPM is more suitable for the subsequent optimization calculations. In paraxial approximation, it can be derived from the TW equation (1a) for the forward field component E + , upon eliminating all nonlinear and dispersive contributions to the propagation constant and polarization density. Instead, only the contribution of refractive index modulation ∆n(x, z) is taken into account. As the PhC excites radiation at large lateral angles, we increase the accuracy of our BPM by replacing the paraxial diffraction operator ∼ ∂ xx in Eq. (1a) by a pseudo-differential operator [30] , which accurately accounts for the forward-branch k 0 > 0 of the spatial dispersion relation k
The resulting PDE, which is first-order w.r.t. z, is an envelope approximation of the second-order Helmholtz equation. For given initial conditionÊ(k x , z 0 ), the initial value problem has the general so-
, with complex transmission amplitudes T j for the j-th diffraction order. The introduced truncation threshold J accounts for the fact that the intensity scattered into higher-order sidebands (J 2) is neglegible for the considered weak contrast PhCs. Therefore, the PhC propagatorK PhC has a sparse, (2J + 1)−banded matrix structure, where here and in the following, the caret denotes k x -space counterparts of linear integral operators. The complex amplitudes T j can be obtained by semi-analytic integration of the envelope equation for suitable initial conditions, using an eigenvector decomposition technique [31] . With the obtained PhC propagatorK PhC , we can proceed to build a matrix model for the overall EC kernel K, Eq. (2). First of all, the RCWA results indicate a negligible wavelength dependence of transmission and reflection efficiencies of the considered AR-coated PhCs in a spectral interval around λ 0 = 975 nm, with a length ∆λ ≈ 5 nm identical to the characteristic spectral bandwidth of the BASL emission, with the noted exception of PhCs exhibiting pronounced resonant backscattering. Since the latter are of little practical use for the current study, it is admissible to assume that the full kernel is local in time,
On the discrete numerical level, the last integral expression is equivalent to the matrix-vector product,
, where the subscript index h stands for discrete space in the lateral x-direction, the vector-functions E + h (0, t − τ ) and [FE + ] h (t) represent the (discretized) emitted and the reinjected fields at the front facet of the diode, whereasK h is a large (N x × N x )-dimensional matrix (N x : number of equidistant lateral discretization steps in the considered computational domain). The matrixK h can be further
Here, K f ,K b are forward resp. backward propagators given by
with discrete, x-space counterpart K PhC of the PhC propagatorK PhC introduced above, and K δ 0 , K δ 1 propagate through the laterally homogeneous media (FAC, air gaps), cf. Fig. 1(a) . In k x -space,K f ,K b have a sparse, band matrix structure inherited fromK PhC , which is beneficial for numerical evaluation. The propagator K c propagates from focal plane FP1 towards the OCM and back. In x-space, it is anti-diagonal and yields a mirror image of the complex optical field, multiplied, for non-vanishing offset δ 2 , by a phase factor with parabolic dependence on x cf. [15] . For compactness of presentation, we introduce a matrix representation D of the discrete Fourier transform (DFT) which maps from x to k x -space. With this, our numerical algorithm for computation of the optical reinjection is given by
For simulating the optical field and carrier dynamics in the BASL subject to filtered reinjection, the factors K c ,K b ,K f are initially precalculated and fed into our optoelectronic solver. With respect to numerical complexity of our modeling approach, we emphasize that the action of the DFT matrix D is calculated using the Cooley and Tukey fast Fourier transform (FFT) algorithm. In consequence, instead of ∼ N 2 x operations required for matrix-vector multiplication, the described factorization ofK h significantly reduces the numerical complexity (∼ N x ln N x ).
It remains to identify the limits of validity of the BPM used for modeling the PhC propagators contained in K. For each of the PhC structures in Fig. 2 , we calculate the corresponding transmission efficiencies. As shown by the black curve in Fig. 2(a) , we observe excellent agreement for low index contrast ∆n 0 = 0.004, and slightly larger deviations for ∆n 0 = 0.02, cf. Fig. 2(b) , which is prohibitive due to large resonant backscattering. Altogether, extensive simulations with the RCWA solver reveal that the BPM yields reasonable results for lateral periods g x 2µ m (i.e., larger than approximately twice the wavelength), longitudinal periods g z corresponding to Q ∈ [0.4, 1.6], refractive index contrast of the order of ∆n ∼ 0.01, and not more than some ten longitudinal periods. In that case, the RCWA also predicts a tolerable intensity in the backscattered field below the 1%-level.
The above considerations indicate that broader angular transmission gaps, which are potentially useful for spatial filtering, are obtained either for larger index contrast or increased number of longitudinal layers. However, in case of strictly periodic PhCs, this comes at the cost of increased resonant backscattering. In the following, we show that PhCs with variable longitudinal periods avoid this detrimental side effect. The use and versatility of longitudinally chirped PhCs for spatial filtering of laser beams has first been discussed in [31, 32] . Here, we solve the inverse problem of finding an optimized longitudinal chirp for a prescribed transmission efficiency |T 0 | 2 with broad angular gaps. Using a suitable nonlinear optimization routine, we maximize a fitness functional F :
Here, the N components d • , but unity transmission outside of this intervall. The total angular range in consideration is [0
For the current study, we used a fixed refractive index modulation depth of ∆n 0 = 0.012 and N = 48 longitudinal layers. For optimization, we use a genetic algorithm, which is known to prevent convergence to a narrow local minimum and favors robust solutions [33] . Each iteration step of the genetic algorithm requires calculations of |T 0 | z . Transmission efficiencies, averaged over the realizations of ξ δ , are depicted in panels (d) (BPM) and (e) (RCWA), for δ = 10 nm, δ = 100 nm and δ = 1000 nm. We find remarkable robustness, with a noise tolerance well within the current accuracy limits of direct femtosecond laser writing [30] .
Finally, we simulated an example of a 1 mm-long and 100 µm-broad HP BASL diode with and without the feedback from the EC containing the optimized PhC filter, see Fig. 4 . The bias current of this laser was 2.8 A. In absence of the EC, it emits a high-power P 0 = 2.82 W beam with divergence angle θ 95 ∼ 6
• and near field with w 95 = 92µm, both evaluated at 95% power content. The lateral beam parameter product (BPP) and beam quality factor amount to BPP 0 ∼ 2.25 mm×mrad and
where it was assumed that the beam is diffraction limited in the vertical direction.
Next, we have simulated BASL with the EC containing the optimized PhC. Substituting the PhC with a homogeneous glass block of the same dimensions and background refractive index, 1 : 1 imaging of the mirrored field configuration would be obtained for vanishing EC offsets δ 2 and ∆ 1 := δ 0 −l FAC (1− 1/n FAC ) + l PhC /n PhC + δ 1 = 0 for a perfectly aligned EC. The total width and the background refractive index of the considered PhC and FAC were l P hC = 0.289 mm,n P hC = 1.5, and l F AC = 1.5 mm,n F AC = 1.5, respectively, whereas the focal length of the SAC lenses was f = 24 mm. We performed simulations for δ 2 = 0 and different values of the offset ∆ 1 . Optimal beam quality w.r.t. beam parameter product and beam brightness was achieved for ∆ 1 ≈ 1.5 mm, cf. Fig. 4(a) .
Due to the radiation loss to the sidebands, see insert, a significant power fraction is lost from the central lobe, i.e., it contains only 78% of the total emitted power P tot. = 2.6 W. Nevertheless, as a main achievement of our theoretical study, we find that the spatially filtered optical feedback causes a significant improvement of the laser beam quality. In Fig. 4(b EC. Gray, solid resp. dashed: power fractions P c /P tot. , P s /P tot. in central-and sidelobes.
only after its pass through the PhC but also directly after its emission from the diode, see dashed and solid black curves in Fig. 4(a) . This observation confirms the suppression of the higher-order lateral optical modes of the HP BASL diode by an adequately designed spatially filtered optical feedback.
In conclusion, we have considered the BASL-EC system operating at the high-power regime. We have performed efficient modeling and optimization of the beam propagation in the EC containing a PhC spatial filtering element. We have shown that provided the refractive index contrast in the PhC is not exceeding the order of 10 −2 , the backscattered intensity can be kept below 1% and the BPM can produce reliable field transmissions through the PhC. Our optimization of the PhC was aiming to reduce the radiation at ±[2
• ] angles to the optical axis during the single-pass of the beam through the PhC. The consequent simulations of the HP BASL-EC system with this optimized PhC within the EC have demonstrated the suppression of the higher-order lateral optical modes of the HP BASL diode. A more detailed study of the impact of filtered feedback to the beam quality of HP BASL diodes will be considered elsewhere.
